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OBSERVATIONS  OF  SEA SURFACE  CONDITIONS 
DURING WEAP EXPERIMENT,  MAY  1982: 

AN  EXAMPLE  OF  REAL  TIME"MONITORING 
OF  THE  UPPER OCEAN ENVIRCmiENT 

INTRODUCTION 

A principal mission of  the Naval Underwater Systems  Center  (NUSC)   is   to 
develop,   test,   and  evaluate  underwater weapon systems.     This  mission necessi- 
tates  conducting   field tests  and experiments  to evaluate  system performance 
in  the  ocean environment.     During  at-sea  testing operations,   strong  emphasis 
is  placed upon deployment  and  exercising  of  the  electronic,  mechanical,   and 
acoustic  components  of weapon systems,   and often  too  little effort  is made  to 
adequately  sample and define  the ambient marine environment.     This   situation 
exists  in spite of  the well-known fact  that extreme or highly variable 
oceanographic  conditions  can severely  limit,   alter,   or disrupt  the successful 
functioning of  these  complex weapon systems.     Thus,   when malfunctions  or 
failures  occur,   the possible degrading  effects of  the ocean medium are  often 
unrecorded and hence  unknown.     This   situation  is  particularly undesirable 
since ocean field tests' often require considerable expenditures  of manpower 
and  funds  and,   further,   involve operations with surface  ships  and  submarines 
whose  available time  is  extremely  limited. 

The  lack of proper  environmental monitoring  sometimes  results   from 
ignorance of what  to measure.     For  the most part,  however,   there  is  only a 
limited capability  to make  those  environmental measurements  deemed  important 
to  support weapon tests  and evaluations.     This   limitation does  not  result 
from the unavailability of  the proper  instrumentation  since modern 
oceanographic  instrumentation exists  to measure and  record  a wide range  of 
oceanic variables.     Rather,   the  limitation results   from the  strong emphasis 
placed on testing  and  logistics  in weapon  field  tests,   especially  those 
performed  in conjunction with Navy vessels.     This  emphasis  often  imposes 
severe constraints  on environmental monitoring,   which,   if done at  all, 
usually  is  conducted on a "not-to-interfere basis." 

As weapon systems become more  sophisticated,   there  is  a growing  aware- 
ness   that  their  successful  operation becomes   commensurately more  related  to 
environmental  factors;   these  factors,   then,   must be better understood  and 
better monitored.     Environmental measurements   in support of weapon  tests  are 
best afforded by rapid or synoptic  sensor deployment  and recovery prior  to 
the actual   tests,   and/or  real-time  or  quasi-real-time  data monitoring  and 
recording  during  the  tests. 

Submarines  and  their  associated weapon systems  operate  primarily within 
the upper  100-200  meters  of  the  ocean.       It  is   in  this  upper  layer,   including 
the  sea surface,   that  oceanographic  conditions  are most  complex and difficult 
to predict.     Specifically,   the phenomena critical  to practically all varieties 
of Navy operations  are  the  sea surface effects produced by  the wind,   namely: 



1. Surface waves,   which create  a  rough  and  complex  sea  surface. 

2. White  caps  and  small-scale  turbulence,   which   combine  to 
diffuse  air bubbles   and  turbulence downward   from  the  surface. 

3. Gross  surface mixing by  turbulent  wave motions,   which  can 
alter  the depth  of  the mixed  layer and  the  intensity of  the bounding 
thermocline. 

These  phenomena  in  turn produce detrimental effects upon acoustic 
systems  and vehicles,   specifically: 

1. Dynamic wave motions  and  surface  shear  turbulence,   which have 
disruptive effects  on  the  dynamic   stability of  surface  ships  and near-surface 
submarines,   as  well  as   on the  launching  of  submarine missiles   as   they pass 
through   the   sea-air  interface. 

2. Wind and  turbulence-produced high  frequency  ambient noise, 
which  interferes with or masks weapon acoustic   functions. 

3. Refraction,   forward  and backward  scattering,   and absorption, 
Miich  cause   signal   loss  of  near-surface  submarine   sonar  and   in weapons 
frequency  sound   transmission. 

The problem of   trying   to understand  the  effects  of   these   surface 
phenomena on underwater systems   is   compounded because,   of all  conceivable 
oceanographic variables,   surface wave  and  turbulence  conditions   are  the most 
difficult  to measure.     It   is  with  this  realization  that   the Applied Ocean- 
ography  Group of the NUSC Weapon Systems Department   is  embarking  on a 
program to develop  systems  and   techniques   to better monitor  and  record much 
needed real-time  information on wind-waves   and associated  surface phenomena 
critical  to   the operation of  underwater weapon systems.     The  initial  phase 
of  this  program involved  testing  and  evaluating   two  specific  environmental 
monitoring  systems   that  provide  information on  the  geometry,   spectra,   and 
directionality of  surface waves   and wind/wave-generated  ambient noise. 

The  first of  these  systems   is  a directional  wave-track buoy  originally 
developed at   the University of Rhode Island  and produced by ENDECD  Inc.   of 
Marion,   MA,   as   the Type 956   (reference  1).     The   second   is  a  sea  surface 
monitoring   system developed by NUSC  in conjunction with ENDECO  Inc.   under 
sponsorship  of   the U.S.   Coast Guard.     This  system (ENDECO Type  1015)   is  a 
combination wave-track buoy and current meter  intended  for deployment  in oil 
spill  areas   to provide on-scene real-time data  for use by various  opera- 
tional personnel.     Such monitoring   is  critical  in making  on-scene decisions 
about   the deployment  of equipment  since high winds  and wave  conditions  can 
render  cleanup  operations  difficult  or  impossible. 

An opportunity  to   test  and utilize  these  two new environmental 
monitoring   systems was   afforded during   the Weapons  Environmental Acoustics 
Program (WEAP),   an acoustic  experiment  conducted by NUSC near Block  Island, 
RI,   in M^  1982.     This  report presents  the results  of  the wave measurements 
and  other  environmental observations made  in support of  this  experiment. 



Moreover, it demonstrates how sea surface conditions can be monitored to 
provide, in real time, practical information needed for a variety of Navy 
and Coast Guard test and evaluation operations. 

THE WEAP EXPERIMENT:  OBSERVATIONS OF SURFACE EFFECTS 

Project WEAP is an acoustic research study of the interaction of higher 
frequency sound with the sea surface, water volume, and the sea bottom.  One 
objective of WEAP is to establish a data base using field measurements of 
forward and backward scattering from the sea surface and bottom together 
with propagation fluctuations and reverberation.  The observations are to be 
made under a variety of oceanographic conditions.  These data will assist in 
the development and verification of environmental acoustic models used to 
better understand and improve underwater weapons performance.  Of particular 
interest are data from shallow water environments (depths less than 200 
meters) vrtiere weapon systems appear to experience great difficulty, probably 
due to a combination of gross boundary effects together with the large 
temperature and salinity variations that commonly occur in coastal or 
continental shelf regions. 

The WEAP experiment was performed 15-24 May 1982 on the inner 
continental shelf near Block Island, RI, using the USNS LYNCH on a multi- 
point moor; water depth was approximately 35 meters (figure 1).  Acoustic 
measurements were made of both forward and backward scattering and reverbera- 
tion over a wide range of surface wave conditions.  The experiments were 
conducted using a bottom-mounted parametric projector and a four-hydrophone 
vertical array at about 300 meters separation (figure 1).  Both systems were 
hard-wired to the LYNCH via 200-meter-long multiconductor sea cables, which 
permitted acoustic transmission and receiving to be controlled from the 
ship.  The acoustic projector could be trained upward at various azimuths to 
register backscattering and reverberation and also could be aimed toward the 
receiver to obtain forward scattering and direct transmission measurements. 

The interpretation of measurements of acoustic forward and backward 
scattering from the sea surface requires information on sea surface rough- 
ness, which is considered as the dominant factor.  The wind-wave field 
contains a broad spectrum of wavelengths from a few millimeters to beyond a 
hundred meters.  The type of interaction from sound rays impinging upon the 
wavy sea surface will depend upon the ratio of the acoustic wavelengths to 
those of the surface waves; a ratio much greater than unity produces simple 
specular reflection effects, whereas a very small ratio produces more 
complex scattering effects.  The acoustic frequencies of interest for the 
WEAP experiment range from 10-30 kHz, the equivalent wavelengths being from 
5-15 centimeters, vAiich fall between those of the smaller wind wavelets 
(capillary waves) and the larger wind-driven gravity waves.  Thus, with 
respect to the 10-30 kHz range, both specular and scattering effects could 
occur.  Furthermore, wind speeds in excess of 6-7 meters/second produce 
white caps and bubble formation which, as has been stated, grossly increase 
surface scattering and attenuation, particularly at higher acoustic 
frequencies. 
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Figure 1 .   Site of WEAP Experiment 



Acousticians have  attempted  to crudely model  surface  acoustic  effects 
using  parameters  associated with  the gross  characteristics  of  the wind-wave 
field.     Parameters variously described as  associated with  acoustic  scattering 
at  the  sea surface are: 

1. Sea surface  slope  or mean square  slope  (reference 2). 

2. Auto  spectra of  the  sea surface elevation (reference 3). 

3. Mean peak-to-trough roughness or height   (reference 4). 

4. Air bubbles   stirred  into  the upper  few meters by high winds  and 
viiite  cap  turbulence  (reference 5). 

Oceanographers  do not  at present have  the capability  to quantitatively 
measure  the geometry of smaller waves  and bubble size and  concentrations, 
phenomena  that directly affect acoustic  waves;   however,   these  phenomena are 
directly related to  the existence of the  larger dominant wind-waves which 
can now be measured.     Further,   it  is  clear  that not only  the  sea  surface 
roughness,  but  also  its directivity can affect  acoustic reflection and 
scattering  in an azimuthal manner.     Thus,   by  concentrating on  the precise 
monitoring  of  the wind  field and  its  associated  surface waves,   oceanographers 
can provide a background  from vdiich  to begin to  identify  and  examine  the 
smaller  scale phenomena  so  critical to acoustic propagation.     Therefore, 
during  the WEAP  experiment  the decision was made  to monitor  the  free  surface 
roughness,   its directional characteristics,   the occurrence of ^ite  caps, 
and wind speed and direction.     A discussion of  the environmental  observations 
follows. 

INSTRUMENTATION AND DATA RE (WORDING 

The environmental observations  were  concerned with  local wind waves 
(seas)   and  swell,   current  speed and direction,   and meteorological data;   all 
of  these observations were made  in  the vicinity of the WEAP  experiment 
conducted  frcm  the USNS  LYNCH. 

Surface waves were measured with  two moored  systems:     a Type  956 
directional wave-track buoy and a Type  1015  wave-track/current meter buoy, 
both manufactured by ENDEOO,  Marion,  MA. 

TYPE  956  DIRECTIONAL WAVE-TRACK BUOY 

This  system,   originally developed by Middleton,  LeBlanc,   and Sternberger 
(reference 6)   at  the University of Rhode Island,   and  improved  upon by ENDECO 
(reference  1),   provides  an FM telemetered record of both  free  surface 
displacement  (or heave)   and  the gross directional  characteristics  of  the wave 
field.     The system (figure 2)   utilizes  an accelerometer  to  sense vertical 
heave  as   the buoy responds  to  the passing waves;   the acceleration  signal   is 
doubly  integrated to provide free  surface displacement.     The pitch and roll 
of  the buoy,   vAiich  together provide wave direction  information,   are detected 
by two  tilt  sensors  that  are coupled with a magnetic  compass  to provide 



Figure 2 . ENDECO Type 956 Directional Wave-Track Buoy 
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north-south  and east-west  tilting  components  as   the axis  of  the buoy responds 
to  the motions  of  the dominant wave  trains. 

Figure 3   shows  a block diagram of  the buoy  electronics   (taken from 
reference  1).     The  tilt  sensors  are differential  capacitors  orthogonally 
mounted  in  the horizontal plane  to provide X and Y axis  tilt  recordings.     A 
small  reservoir of mercury on the  inner wall  of  the housing causes  change  in 
the  immersed capacitors  as   they oscillate with  the buoy.     The changes   in 
capacity control  an oscillator and demodulator circuit  that  supplies  a +2 
volt  linear output  over a range  of +45° tilt.     The X and Y axis  outputs 
are referenced  to  a  two-axis   flux  gate  compass  to provide N-S  and E-W 
heading  information.     The accelerometer  is  doubly  integrated  to provide  free 
surface displacement.     This  output  is  then  combined with  the  compass- 
referenced  tilt  output  to drive voltage-controlled  sine wave  oscillators 
with IKIG  (interrange  instrumentation group)  bands using center  frequencies 
of 2300,   1300,   and  730 Hz.     Data  are  telemetered using  an FM transmitter  link 
of 100  nW with a nominal 40 MHz  carrier.     The pitch,   roll,   compass,   and 
accelerometer  instrumentation is housed  in  the bottom pressure case,   and  the 
transmitter electronics  and battery pack are  located  in  the spherical 
surface buoy  (figure 2). 

The basic motions  of the buoy are:     (1)  vertical heave  due  to  changing 
buoyant  force on  the  sphere  float  as   the  sea surface  level  changes   from pass- 
ing waves,   and  (2)   oscillatory  tilting  of  the wave buoy axis   from vertical 
due  to horizontal  shear  forces  associated with  the wave orbital motions. 

The heave  response  of the buoy  system to surface waves   (figure 4) 
displ^s  a plateau  from 0.035  - 4.0 Hz  (i.e.,   periods   from 2.5  - 30   seconds). 
This  encompasses  all but  the smallest wind-waves  and all  swell  frequencies. 

The buoy system is moored  at  the center of horizontal  drag,   a pre- 
determined point  on the stainless-steel shaft  connecting  the  sphere and  the 
submerged  instrument  package  (figure 2),   v*iich acts  as  a  fulcrum of  the 
inverted pendulum.     This  geometry allows  the buoy  to move  in phase with  the 
dominant orbital motions  of  the surface waves  (figure 5).     The buoy responds 
to the surface velocity  shear associated with  the orbital motions   in  such a 
manner  that   it experiences maximum  tilt  at  the  crest  and  trough of  the waves. 
Since  the motion of the buoy  is  in phase with  the orbital motions,   its 
natural  period of pitching  in effect   filters  out higher  frequency wave 
motions;   this   in-phase  condition also minimizes   traumatic or  irregular 
perturbations  on  the buoy's  motion by breaking wave  crests.     A horizontal 
damping  plate  at   the  top of  the  sensor case   (figure 2)   provides  a 0.6 
critical  damping of  the buoy on the heave axis. 

TYPE   1015  WAVE-TRACK/CURRENT  METER BUOY 

This  system is  identical  to  the 956  directional wave-track buoy except 
that  it   is  coupled to a near-surface recording  current meter  (Type  110, 
manufactured by ENDECO).   The current meter provides   two  channels,   speed  and 
direction,  which are  substituted  for  the  two channels  of NS  and EW tilt 
information provided by  the 956  system.     The  1015   system thus  provides 
real-time  telemetered  signals  of  free  surface  displacement  along with 
current  speed and direction.     The heave  response of  the  1015   system to 
surface waves,   however,   is   identical  to  that  of  the 956  system. 
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The ENDECD  110  current meter  (figure 6)   is  tethered  to  the mooring  line 
5 meters below a modified 956 directional wave-track buoy via a 1.6-meter- 
long nylon line that  allows  the mooring  line to rise  and  fall with  the 
surface wave motions while minimizing  the perturbations  on the current 
meter.     For wave heights  above  2-3 meters,  however,   oscillations  in  the 
current  speed  output  can occur due  to  the surge on the  tether   line;   these 
oscillations  may  require  lowpass   filtering  below  about  0.1  Hz.      (Further 
discussion of possible effects  of wave motions  on  the current  data will be 
given under the heading  "Effects of Buoy Motions  on Current Observations." 

MOORING AND GROUND TACKLE 

The 956  and  1015  wave-track buoys  each utilize a  simple  lightweight 
slack mooring  that minimizes  problems  of deployment  and  retrieval  (figure 7). 
The mooring   line connecting  to  the buoy  shaft   is  protected  from chafing by a 
rubber hose  (figure 2).     Below the mooring  line  is  a rubber accumulator  that 
provides  compliant response  from 0-90  kilograms by a rubber cord  that  can be 
elongated up  to 300  percent.     A loosely woven nylon overbraid  takes  up  the 
strain when the rubber  is  stretched beyond 300  percent.     A nylon laid  line, 
16  millimeters  in diameter with a 2.5-3.0   scope,   leads  to  conventional  chain 
and Danforth  anchor ground  tackle equipment.     (The  scope  is  the ratio  of  line 
length  to water depth.)     The relatively  light ground  tackle allows   for 
deployment  and recovery  from a  small boat,   yet  provides  maximum holding with 
sufficient chain and  scope. 

DATA RECEIVING,   RECORDING,   STORAGE,   AND PKDCESSING 

The arrangement of  the data receiving  stations   for  the WEAP  experiment 
is  shown in  figure 8.     The FM transmission from the directional wave-track 
buoy was made  for a 20-minute  period  commencing  each odd hour;   for  the 
wave-track/current meter buoy  the 20-minute  transmission began at  even hours. 

The  telemetered data  from the 956  and  1015  systems  were  collected by  two 
Type  956  receiver processors  (manufactured by ENDECO).     One receiver 
processor,   which was  located aboard  the USNS LYNCH,   collected  data via a UHF 
omnidirectional antenna mounted near  the bridge;   the other receiver processor, 
located  on a cliff  at  the Block Island Field Station  at Monhegan Bluffs, 
collected data  some 40 meters  above  sea  level via a UHF  directional antenna 
manufactured by Cushcraft,  Manchester,   NH. 

Each receiver  filters  the combined heave  and directional  tilt channels 
using  IRIG bandpass   filters.     Phase  lock  loop demodulators  provide  additional 
noise  rejection and dc  signal analogs  of  the heave  and  two  tilt  channels. 
From the multiplexer  output  an A/D  converter digitizes  the  analog  signals 
into 8-bit binary code.     A universal asynchronous  receiver  transmitter 
converts   the  three-channel  parallel  data  into  several  outputs via an RS-232-C 
(serial digital  interface connection)   to provide  for data  transmission 
processing and storage. 



Figure 5 . Geometric Representation of Directional Wave-Track Buoy Motion 
Showing Tilt Response to Orbital Shear 

'"- "     "  ' ■■ ■    I 'II I HJppi^)»»»»l !i I I, I p    III     I 

', METER  :-■*-•■■. 

Figure 6 . ENDECO 110 Current Meter System with Electrical and Tethering 
Connections to the Wave-Track Buoy System 
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The general sequence of telemetered wave buoy data collected aboard the 
LYNCH began with reception by an ENDECO 956 receiver that relayed digitized 
signals to a Memodyne M-80 cassette recorder for primary storage.  (This 
machine is manufactured by Memodyne, Needham Heights, MA.)  A single cassette 
could store all data gathered over 24 hours.  Intermittently, data were 
transferred from the M-80 cassettes to diskettes using an HP9825A computer 
(manufactured by Hewlett-Packard, Loveland, CO).  Subsequent analyses, 
consisting of data verification and time-series plot construction, accessed 
the disk data sets using an HP9825A computer. This freed the M-80 recorder 
for further immediate storage of new data.  (Details of the procedures for 
processing the telemetered data aboard the LYNCH are given in appendix A.) 

The telemetered data received at the Block Island Field Station were 
delivered through the RS-232-C output of the 956 receiver processor and read 
by a Tarbell minicomputer (manufactured by TIE, San Jose, CA).  Processed 
data and statistical results were written on floppy disks in a Morrow design 
disk drive and presented each hour on an electronic printer. 

The processing and analyses are performed by the Tarbell minicomputer as 
follows:  From the diskette the program reads the data file, which contains 
time series of heave, NS tilt, and EW tilt, and performs a Fast Fourier 
Transform (FFT) on each time series.  The range of frequencies is divided 
into 10 bands bordered on the upper end by the Nyquist frequency of 0.5 Hz 
(for a 1-second sampling rate).  For each frequency band a digital bandpass 
filter is applied and corrections in amplitude and phase, determined from the 
wave buoy heave response calibration, are made.  Auto spectra are calculated 
on the heave data, and an inverse FFT is performed on the data to produce 
filtered time series records. 

The heave record is then subjected to a zero upcrossing analysis whereby 
individual waves are defined by consecutive upcrossings through the zero 
reading (defined as the mean value of the record).  This enables estimates to 
be made of the following quantities: 

1. Number of waves. 
2. Maximum period. 
3. Mean period. 
4. Mean height. 
5. Maximum height. 
6. Period of maximum height. 
7. Significant period   (mean of the highest one-third of all periods-). 
8. Significant height (mean of the highest one-third of all waves). 
9. Height variance. 

10. Root-mean-square height. 
11. The profile height  of  the maximum height wave  at   1.0-second 

intervals. 

Finally,   the buoy tilt  at  each wave  crest  is  computed  from the  tilt 
component data,   and  the mean wave direction and  standard deviation are 
estimated  for each of  the 10   frequency band  intervals.     The entire statistical 
set plus  comments  on the data quantity and quality were printed  out  each hour. 
(Details   of  the computer program provided  for the wave data  analysis  are 
given in reference 7.) 

13 



In addition, statistical and spectra analyses were done at the NUSC 
Newport laboratory on the wave data obtained aboard the USNS Lynch. The 
spectra were generated using the standard Fast Fourier Transform techniques 
discussed in reference 8. The NUSC analyses program, using the HP9825 A 
computer, produced the raw data plots and the auto spectra together with 
pertinent sampling parameters, environmental data, and statistical parameters. 
Discussion of the NUSC auto spectra is given in the next section. 

PRELIMINARY RESULTS 

WIND DATA 

Wind speed and direction were measured hourly  from the USNS LYNCH vAiile 
on anchor  station  for  the acoustic   tests  from 17 May  1982 until   sea  condi- 
tions   forced  the LYNCH  to  leave  the mooring  area on 23 May  1982.     In 
addition,   meteorological  records were obtained  from nearby U.S.   Coast Guard 
stations  at   the Southeast Light House,  Block  Island,   RI  (an automated monitor 
having  frequent  data dropout).  Point Judith,   RI,   and Montauk Point,   NY. 

The wind direction and  speed   (figure  9)   displayed  a variety  of 
conditions   that  included  two periods  of moderately high winds  reaching  10-11 
meters/second  from S,   SW on 19-20 May  followed by a weak "Northeaster"  on 
22-23 May accompanied by  rain.     Hatched areas   in  figure 9  designate periods 
when winds   exceeded  7  meters/second at which v^ite  capping  normally occurs. 
The barometric pressure  (figure  10)   indicates  a weak  low pressure moving 
through  the area during  19-21  May,   which was  associated with  the unsettled 
conditions  accompanied by E,   NE  winds  and  showers. 

WAVE  OBSERVATIONS 

The wave  records   in  the  form of  free  surface  elevation and XY  tilt 
measured on  the ENDECO 956  system and  the  free  surface elevation measured on 
the ENDECO  1015   system were  recorded at both  the LYNCH and Block  Island 
receivers.     The 956  and  1015  systems were  located  at  the positions  shown  in 
figure 1. 

A typical plot of the ENDECO 956  record processed on the HP9825A 
computer aboard   the LYNCH  is  shown in  figure  11.     The mean  sea  surface  is  not 
quite  centered precisely at  0 meters  and appears   to decrease with  time,   both 
effects  being due  to  a  slight dc  drift  in  the voltage  analog circuit.     (This 
has  minimal effect upon the statistics  of  the  fluctuations   except  for a 
slight bias   in  the variance   estimate.) 

At Block  Island  the Tarbell computer/printer  system generated a complete 
statistical  sunmary  (discussed  in  section 3)   following each hourly data 
transmission.     Figure 12   shows  the printout  for the Type 956  directional 
wave-track buoy.     The  insert  shows  a piece of  the Rustrak monitor  trace  for 
the free surface record.     Unfortunately the Tarbell program incorporates 
units   in feet  instead of meters. 
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The Tarbell program is  constructed  for  the  three ENDECO  956  output 
channels:     (1)   free  surface,   (2)  E-W  tilt,   and  (3)  N-S   tilt.     From these data 
the program generates   the  statistics  of  the wave height characteristics. 
Also,   using  the   tilt  data,   the program provides directional  information as 
listed  in the table at   the bottom of  figure 12. 

When  the ENDECO  1015  data are received,   the  free  surface elevation data 
in  statistics  are valid  since  they  are  independent  of  the  tilt  information. 
Thus,   there was  a net hourly data sunmary of  free surface elevation 
statistics provided,  alternatively produced  from the 956  and 1015   systems. 

Figure 13  shows  the mean and  significant wave heights  (i.e.,   the mean of 
the one-third highest waves)  associated with  the changing wind conditions. 
Superposition of  significant heights  on  the wind  speed  time  suggests  a  time 
lag  of roughly 6 hours between the wind peaks and  the maximum wave 
conditions.     This   indicates,   as   is  further  seen  in the spectra,   that  the mean 
and  significant heights represent a composite of  locally wind-generated waves 
(seas)   and  swells. 

The energy density values   for each spectral band are  summed  in  the 
Tarbell  output  (figure  12).     It can be shown that  the  total variance of  the 
record  is  proportional to  the potential energy density of  the wave   field. 
These  integrals,   plotted  as a  function of  time  (figure 14),   correspond,   as 
expected,   to  the bimodal peaking  of the significant  and mean wave heights 
(figure  13)   and  the periods  of maximum wind speed  (figure 9). 

The Tarbell auto spectra estimates  offer a clearer picture of the 
changes   in  the wave  field.     Figure  15   shows   six  consecutive  spectral 
estimates   from the Tarbell data   (the column "energy density"   in  figure  12), 
which display wave  generation and decay over  the period  19-25 May.     Shown 
also   in  figure 15   are  the wind  speeds   (U)   for  the  times  given,   the total 
variance  (value  in parentheses),   and  the  significant wave heights  (SH). 

For  the period  19-20 May  the  freshening winds   (figure 9)   rapidly build 
upon  the higher wave  frequencies.     From 20-25 May  the  spectral  peak  shifts 
steadily toward  lower periods   (redder  frequencies)   as   the  local winds 
diminish.     However,   the spectral  energy  continues   to grow,   peaking  at 24 May 
(1500 hours-EDT)  when the winds have become  light.     By 25  May   (0300 hours) 
the energy   is  still  large.     The  continuous  energy growth well  after  the  local 
winds have  abated reflects  the presence of the swells  which,  having been 
developed by  the high winds of  the cyclone to  the east,  have propagated  into 
the test area. 

The spectra, together with the wind variations, clearly demonstrate the 
complex cause and effects of wind-wave generation. The wave field (or its 
spectra) for any given instant is a product of the previous history of the 
wind and its origin; hence, the spectra do not particularly correlate with 
the instantaneous wind. Thus, for a gradual wind-wave buildup over a large 
area, local waves are growing, but soon swell is propagated into the area, 
creating  a composite  of sea superimposed on swell. 
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An example of the directivity of wave buildup  is  shown in  figure 16. 
The wave  components   at  1900 hours  on 23 May are  indicated by vectors 
radiating   from the center of the diagram,   with  the vector  length  proportional 
to  the  component's  energy.     The vectors  suggest  the  average direction of 
propagation of the waves  of the particular  frequency  (period)  band.     The 
measured wind vectors  are  shown  for  times  0,   3,   6,   and 9  hours  prior  to   the 
record.     The small waves having  a period  of 3.4   seconds  (0.29  Hz)   appear 
opposite  the most  recent wind vector,   and  those having a period of  10.3 
seconds  (0.10 Hz)  appear opposite  the wind vector of 9 hours  previous.     This 
wind-wave direction diagram,   although  crude,   is  suggestive of  the  ability of 
the Type  956   directional wave-track buoy  to portray wave  generation. 

The analysis  of  the wave/current  data recorded  aboard   the USNS Lynch 
produced both  raw data  and auto  spectra plots.     The  first  sample record   is 
from 18 May  at  1200  hours   (figure  17)   at vAiich  time  the wind  speed was   light 
(5  meters/second and  the  seas   light  to moderate   (figures   13  and  14).     The 
upper  two portions  of  figure  17   show the  raw data plots  of  the current meter 
direction and  speed,   and  the bottom portion shows  the  free  surface height 
(obtained  from the double  integration of  the accelerometer  output).     The upper 
box contains   the  following   information pertaining   to  the wave  records:   serial 
No.,   data,   time,   record  length,   sampling   interval  (either  0.5   or  1.0   second), 
wave height,   variance,   significant height   (mean of the highest 1/3  of  the 
records),   wind speed and direction,   and current variance.     The wave height 
units  are decimeters   (dm),   and the current  speed  is   in centimeters/second 
(cm/s). 

The auto spectrum for the record  is  shown in  figure 18  along with  the 
pertinent  information.     The spectrum displays  weak energy distribution,   with 
a small peak  at  about 0.13 Hz  (or 7.7-second period).     The small wave  energy 
corresponds  to  the small waves   estimated by  the Tarbell  analysis   (figure  13). 

The next record,   from 23 May  at  2000 hours   (figure  19),   represents   the 
largest waves  observed,   as   indicated by  the Tarbell  records   (figure  13),   and 
at   the end of the period  the highest wind  speeds   (figure 9).     Perturbation of 
the buoy motion  is obviously due to  the  large surface waves;   this   is  reflected 
in  the current  speed record as   speed excursions   from 30   to 45  centimeters/ 
second.     This  contamination of current  speeds by  the buoy motions   is discussed 
further  in the next section). 

As  expected,   the spectrum of the  large waves   is highly energetic  (figure 
20),   with a  large peak  at  about  0.14 Hz   (i.e.   7.1-second period).     The wave 
energy is highly narrowbanded since  the waves were produced  locally  from 
strong winds  persisting  from the east quadrant on 23 May. 

The data   from  this buoy will be  analyzed by a more  fundamental FFT 
technique developed by LeBlanc  and Middleton (reference 9)   which   is based 
upon the original work of Barber  (reference  10)   and  refined by Longuet- 
Higgins,   Cartwright,   and  Smith  (reference 11).     The method of obtaining 
directional spectra was  applied to data   from a wave  tilt buoy developed at 
the National  Institute of Oceanography (now the British  Institute  for 
Oceanographic Sciences).     The technique   involves   finding   the  first  five 
Fourier  coefficients  of  the directional energy  spectrum from free  surface 
height   together with X-Y  tilt data.     This   technique will be utilized  in 
further data analysis  of  the Type 956  wave-track data. 
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CURRENT  DATA 

The current  speed and direction from the WEAP  operation area were 
obtained using  the ENDECO  1015  system with  the current meter  at 5  meters 
depth beneath  the wave-track  surface buoy  located  700 meters  east of  the USNS 
LYNCH  (figure  1).     Data were received both  at   the LYNCH and  at  the Block 
Island Field Station.     A sample of a 20-minute  telemetered current  record  is 
shown in figure 21.     This   sample was made during wind speeds  of 8-9 
meters/second with  about  1.2 meters  significant wave heights  (figures  9  and 
13).     Some of  the wiggles  on  the direction and  speed  traces may be due  to 
surface buoy oscillations  perturbing  the current meter.     However,   the records 
seem quite   stable;   i.e.,   the current  flowed consistently  southward   (180° 
T),   and  the speed  was   15-18  centimeters/second. 

Cursory visual examination of  the actual  speed  and direction records, 
particularly  those reflecting  periods  of high wind or wave  conditions, 
revealed no obvious biasing  of the current data  due  to vertical heave  of  the 
surface wave buoy.     Therefore,   no  attempt was made  to  filter  the records   at 
surface wave   frequencies,   and  only  the raw data  are discussed below. 
(Further examination of possible bias  due to buoy motions   is presented  in  the 
next  section) 

At Block  Island  the Type  1015  data were processed on the Tarbell 
computer,   ^ich was  progranmed  to  analyze  the  three channels  of  the Type 956, 
i.e.,   heave  and  the  two  tilt  channels.     In substituting  current  speed 
(channel  2)   and direction  (channel 3)   for  the   tilt data,   the program provides 
mean values   of  the  two variables.     However,   the direction is   internally 
sampled only during  1   second  out of  every 4  and reads  zero  otherwise.     Thus, 
the direction record  from  the Tarbell was  unusable,   and  the direction data 
had  to be derived  from the LYNCH,   ^ich unfortunately had  record gaps because 
of  intermittent magnetic tape rewind and adjustment periods. 

The  available direction and  speed data were  averaged  for  each 20-minute 
sampling   interval and plotted at   10 minutes  after  the hour  at  each 2-hour 
interval   (figure 22).     The direction data,   in spite of  the missing  points, 
display  a  strong  rotary  tidal nature of M2 variations.     (The excursion from 
360° T  to 0° T   is   indicated by the broken lines.)     The  speeds,   however, 
appear  atypical   since  they display  generally a  single maximum per   tidal 
period  instead of  the double maximum of a  sinusoidal character.     The  speed 
ranged  from 5-70  centimeters/second  and  averaged  27.6  centimeters/ 
second.     This was   in agreement with observations   in Rhode Island Sound made 
by Shonting  (reference  12). 

The rotary character of  the  tidal motions   is  displayed by  the LaGrangian 
Hodographs   (head-to-tail vector diagrams)   in  figure 23.     The 20-minute 
average  speeds  and directions  are assumed to be representative  over 2-hour 
intervals   (since  the 20-minute   sample was  obtained  every 2  hours).     The mean 
transport and  trajectory of motion changes   from a clockwise quasi-circular 
motion between  18 May  at 0400  hours  and 21  May  at 0600  hours,   to a  strong 
westerly  set  between 21 May  at   1400 hours  and  22 May  at   1400 hours.     This 
coincides with persistent E  and ENE  winds   (figure 9)   x^ich appear  to  generate 
surface current moving westward. 
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Figure 22. Current Speed and Direction for the WEAP Experiment 
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EFFECTS  OF BUOY MOnONS ON  CURRENT  OBSERVATIONS 

The ENDECO Type  1015  wave-track/current meter buoy  incorporated  a 
Type 948  wave body at   the  surface with  a current meter tethered  to  the wave 
buoy mooring   line  some  5 meters beneath  the surface.     One of  the objectives  of 
the observations  using  the Type  1015   system was   to determine possible bias   to 
the current  data caused by perturbations  on  the current meter  arising  from 
surface wave motions.     Thus,   the  tethered  instrument could be affected by 
vertical heave  imparted  to  the mooring   line by  oscillatory movement of  the 
surface  float   in  the wave   field and by  the orbital motions  of the waves   them- 
selves.     This  effect   is borne  out by measurement  as   is  shown  in  figure  19 
\^ere clear contamination of the buoy motions  produced by  larger waves   shows 
up  in  the current speed  record. 

The geometry of the tethered current meter  suspension  is  designed  to 
minimize   the   translation of motions  of  the mooring   line   to   the  current meter. 
Normally,   the  "mooring   line"  is  a taut cable with perhaps  several  instruments 
attached  at various  depths  and   is  connected  to  a  subsurface or  surface  float. 
The use  of the horizontal 1.6-meter  tether  to  the current meter  served  to 
decouple vertical or vibration motions of  the mooring  line  from the meter 
body. 

A theoretical model study was made of mooring   systems  for a tethered 
current meter by Triantafyllou and Salter  (reference  13).     The analysis 
concentrated on the dynamics  of  the mooring  cable  in both  taut  and  slack 
catenary configurations.     Forces  and  tensions  on  the cable were  estimated  for 
various mooring   lengths,   tether points,   tether  lengths,   cable diameters, 
cable specific  gravities,   water depths,   and  current  speeds. 

The study  delineates   the relevant parameters   in  the dynamic  system and 
assesses   the various  force and  tension distributions  associated with different 
wave  spectra conditions.     The conclusions  recommend  the use   of a  slack mooring 
in  lieu of a  taut  system for  the greatest  stability of  the   tethered  current 
meter.     The taut  system,   because  of its  tendency  to have  a  snapping  effect 
when  the currents were weak,   increased  the effects  of wave motions   to cause 
instability  in  the  tether  line. 

Unfortunately,   little attention was paid  to  the possible perturbations  on 
the current meter per   se;   i.e.,   the equations were not  integrated  to   evaluate 
the error  in the current  associated with   the cable and wave motions.     The 
study does,   however,   offer a basis   for engineering analysis  of cable  dynamics 
in various wave  and current environments. 

A measure of  the decoupling of  the  tethered  instrument   from a vertical 
cable was   obtained  in a  tank test conducted by ENDECO  at   the David W.   Taylor 
Naval Ship  Research  and Development  Center  (DTNSRDC)   in Bethesda,   MD 
(reference  14).     The  test  system allowed  the current meter  tether point   to be 
oscillated vertically  at various  amplitudes  and periods  \^ile   it  experienced 
different  flow  speeds   in the water channel  (figure 24).     The  flow  speed was 
measured  independently and  compared  to  the current meter  output using  oscilla- 
tion periods   of  3,   6,   and  9   seconds,   amplitudes   (half  ranges)   of 40  and 

33 



«ti0tm^^0^m^0m 

w 

NEYRPIC 
CURRENT METER 

< 

U 

Figure 24, Test Configuration for Tank Test of Current Meter 

34 



63 centimeters,   and mean flow currents of 39  - 64 centimeters/second.     The 
results  are sumnarized  in  figure  25. 

The error due to  the  tether oscillation ranged  from 3.2   to 8.0   percent 
and  appeared  larger  at  the 6-second period  than  at   the 3-second period. 
Unfortunately,   the current  speed range  is   small,   and  error  effects below 
39  centimeters/second were not presented.     The report  concludes,   however, 
that  the effects of vertical motion upon the measurement of horizontal 
current appear minimal. 

Unlike the typical taut-line current meter mooring  system referred  to 
above,   the Type  1015  wave-track/current meter buoy utilizes  a  slack mooring 
line of about  three-to-one  scope,   with  the current meter  tethered at  about 
5 meters beneath  the surface;   this distance   is  necessary   so  that   the  surface 
wave buoy can freely oscillate   in  the wave   field.     Although Triantafyllou  and 
Salter  (reference 14)   suggest  that  a  slack cable has better damping charac- 
teristics   than a  taut moor,   they   do  not  recommend  placing   the  instrument  near 
the surface.     Clearly,   a  loose catenary mooring   line  could allow the current 
meter more  freedom to oscillate vertically  than would a  taut mooring  cable 
(at   least  in  shallow depths   (<   100  meters)  ^ere  the net  cable stretching 
is  minimal).     Thus  a price may be paid  in  the quality of current data by 
attempting   to measure current  so  near  to  the  sea surface  in  the presence  of 
wave orbital motions.     On the other hand,   it may be  that  under moderate wave 
conditions  a 5-meter  tether depth   is  sufficient  for the exponential decay  of 
wave amplitude  to minimize  the perturbations,   and  that  the natural  damping of 
the  slack  catenary may  dominate  the  tether  system. 

Consideration of  the geometry of  the  tethered current meter system 
allows  some  crude  insight  as   to the current meter motions   imposed by  the 
surface waves.     A simplified picture of  at  least  the kinematics  of  the 
buoy-current meter system is  given in  figure 26.     The wave buoy  is  attached 
to  the mooring   line  at point Q v^ich  is  the center of horizontal  drag  for  the 
mean wetted  surface  (including  the  lower hemisphere of the buoy,   the  shaft, 
and  the accelerometer housing,   figure 2).     Thus,   for a mean surface current, 
the drag  on the moored buoy  should contribute minimal net   tilt. 

The current meter   is   attached  to  the mooring   line by a neutrally buoyant 
tether  line of length L at  point P.     The current meter  is weighted  so  that   it 
is neutrally buoyant  (i.e.,   its  buoyancy b   is  equal  and opposite  to   its 
weight W).     The  instrument   is  also   trimmed  so   that  as  the drag  of  the hori- 
zontal current U^.  imparts upon it   a horizontal pull,   the  longitudinal axis 
of  the current meter  coincides with  the horizontal   tether. 

The wave buoy,   in response   to  the surface waves,   has  a vertical 
amplitude of displacement,   say  5g,  which is   felt  at   the tether point  as   a 
vertical  oscillation given by 

6(t) = Sg sinWot, (1) 

vAiere 5Q  is  the amplitude  (and 5g<5g,   since  the catenary  is   likely to 
absorb some of  the surface motion)  and WQ is an arbitrary surface wave 
frequency vdiere 
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"o = ^T , (2) 

TQ being the period (s). 

The problem is to estimate the horizontal current U^, sensed by the 
current meter as the tether point P is oscillated as defined by equation (1). 
The analysis is made with the following assumptions: 

1. The current drag acts as a restoring force opposing the forward 
acceleration caused by the P tether point moving up and down.  Thus, as the 
tether rises and falls, the tether is always stretched out. 

2. The orientation of the current meter remains horizontal. 

3. The variable force on the current meter causes it to move 
approximately along the tether direction toward the upper and lower limit of 
the vertical excursions of the tether point. 

Without these simplifying assumptions the analysis becomes hopelessly 
complicated since the precise motions of the current meter are dependent 
upon instantaneous drag and accelerations and torques related to different 
flow angles of attack.  Further, it is felt that with the simplification the 
gross perturbations are properly estimated. 

Referring to figure 26, the current meter tether point P is elevated 
a distance 5Q, at \Aiich time the tether of length L makes an angle 9 
with the horizontal equilibrium position.  When the tether point has reached 
a point 5Q from equilibrium point P, the current meter must be displaced 
at least a distance AL in the new direction of the tether (figure 27).  The 
horizontal component of AL is given by 

Ax = AL cos8 = L(l-cos0), (3) 

If it is assumed that the vertical displacement 6(t) given by 
equation (1) is due to a passing ocean wave, then for a full cycle 
oscillation the meter would be accelerated over the distance +Ax during 
the first and third quarters of the wave period TQ.  During the second and 
fourth quarters, the instrument is allowed to reverse its displacement, being 
carried back -Ax by the mean current.  This fluctuating velocity is 
approximated by 

/ V ~ dAx   d 
u(t)  = 

dt   dt 
L(l-cos0)  . (4) 
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Figure 26. Configuration of ENDECO Current Meter Attachment to Wave- Track 
Buoy Mooring Cable 

Figure 27. Geometry of Displacement of Current Meter as the Mooring Line 
Oscillates Vertically 
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By noting that 9 is a function of time from the relation 

tan [e(t)] = ^^    , 

and with  a  little manipulation and  the use  of mathematical tables,   one 
arrives  at 

,   .  ^ dAx ^2   r. .    \        -1 
uCt;  = -7—    = L    OQ (jjgSin j tan 

s   sinoJot 
Ug  

COSCOgt 

L2+6-2  sino)  t 
(5) 

This  rather  imposing  relation is  plotted  in  figure 28  using  the values 
of L,   6Q and COQ  indicated.     Note  that  the  frequency of u(t)   is   twice  the 
wave  frequency WQ.     During   the quarter wave  period  excursion (Io/4),   the 
velocity u(t)   starts   at zero,   reaches  a maximum,   and  then returns  to zero 
when5(t)=5Q. 

If assumption 1 holds,   then the net  contribution of u(t)   to  the non-wave 
current   is negligible  since 

1 
nT, /    " 

(t)dt = o;  n = 1,   2,   3, (6) 

Clearly, the true perturbation of the waves is not likely to average 
out completely; however, it should be small for values of 5Q/L<1, and 
further perturbations of the tether motions should show up in the current 
records as a spectral peak at twice the wave frequency. 

Quantitative measurements of the current meter motions (and hence 
potential bias of the current data) are not available.  However, a rough 
assessment of data bias may be obtained by comparing the character of the 
current records with the surface wave conditions that directly control the 
surface buoy motions and hence may affect the tether and current stability. 

During the 7-day WEAP experiment, wave conditions varied substantially; 
significant heights ranged from 0.5 - 2.1 meters (figure 13).  Plots were made 
of simultaneous wave and current records at times of diverse sea conditions 
(figure 29).  Also shown are the correlation coefficients between the wave 
heights and current speeds, the significant heights (SH) and the variances of 
the two signals - these being proportional to the kinetic energy of the waves 
and current fluctuations. 

The 19 May record is representative of a period of light winds and small 
waves.  Visual comparison of the heave correlation coefficient of -0.06 
suggests negligible perturbation of the current meter by the ambient wave 
motions. 
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The 21 May record indicates that moderately high waves were generated 
during the previous 24 -30 hours from SSW winds of 7 - 10 meters/second 
(figure 9).  This direction has a fetch over New York Bight of over 
250 kilometers.  The current record contains wave like oscillations that 
appear to correlate with the heave record, as indicated by a correlation of 
+0.28. 

The 23 May record (figure 13) represents the highest waves encountered. 
These waves are associated with ENE winds over a 50 - 100 kilometer fetch; 
and with speeds of 8 - 11 meters/second during the previous 24 hours, the 
winds generated waves with significant heights of 1.9 - 2.1 meters. 

The speed record with a large variance of 187.0 cm^/s^ appears 
strongly perturbed by the large surface waves (figure 25).  The correlation 
shift between the rise of the wave surface and the speed perturbation opposed 
to the response is depicted on the 21 May record. 

The large increase in current meter response and change of sign of the 
correlation from the two records suggest that differences in the dynamic 
coupling occur between the two records.  Also, the large increase in current 
record variance from 14.46 cm^/s^ on 21 May to 185.96 cm^/s^ on 23 May, 
vdiile the wave variance only increased from 0.20 m^ to 0.33 m^, suggests a 
nonlinear effect of the wave motions upon the current meter perturbations. 
This effort was further examined by estimating the covariance functions 
between the current speed and wave free-surface displacement for time lags 
from 0-10 seconds.  Oscillations of the covariance function can indicate 
both the amplitude and phase of any gross response of the current meter to 
the wave perturbations.  The relation is given by: 

T/At-1^ 

(l)un (kAt) =  —^ Y^   u(iAt)n(iAt + kAt), (7) 
T-kAt Z—/ 

t=o 

where k  is   the number of  lags when k = 0,1,2,   .   .   .   10.     At  is  the sampling 
time  interval =  1   second.     T  is   the total  length  of the  time  series  = 
20 minutes   (1200   seconds). 

Figure 30  shows  the normalized covariance  functions   for  the  three 
records  appearing  in  figure 29.     The  19 May  record,   associated with  small 
wave heights,   displays  insignificant correlation irrespective  of  lags up  to 
10   seconds.     The 21  May  record displays   some  in-phase  coupling  at zero  lag 
and a periodicity of 4-6  seconds,   which corresponds  to  the waves   themselves 
(figure  29).     The 23 May record displays  a relatively  large amplitude 
oscillation that   is   initially of opposite  phase  or  inverse   that  of record 21 
May and has  a period of 9-10   seconds. 

Examination of more covariance  functions  reveals   similar patterns  of 
in-phase behavior  for 6-12  hours  then a  shift  to  an  out-of-phase  relation- 
ship.     The amplitude,   as  expected,   does   increase  generally with  the wave 
energy. 

42 



1 ■ 

19 MAY 
1400 hr 
SH = 0.73 m 

0 - •          • • 

1 I-' 
• • • • • • 

1 1 1 

+1 

z 
o 

I 
ui 
oc 
QC      0 o 
O 

I o 
o 

+1 

-1 

21 MAY 
0000 hr 
SH = 1.46i 

• • 

23 MAY 
2000 hr 
SH = 1.92i 

—r- 
4 10 
TIME LAG (s) 

Figure 30. Normalized Covariance Function Estimated for the Record Pairs 
Shown in Figure 20 for Ten 1-Second Lags 

43 



From an examination of the response of the current speed signal and the 
covariances to the higher waves, it appears that a threshold occurs whereby 
the response or coupling of the current meter increases rapidly with 
increased wave heights.  The oscillatory signal, i.e., in the 23 May record 
(figure 29) can of course be filtered out; however, it is possible that some 
low frequency energy could produce a rectification effect that would 
increase the mean current levels. 

The covariance plots show that there is no obvious doubling of the wave 
frequency, i.e., no indication of the dominant effect of the mooring line 
perturbing the tether as suggested by equation (5). 

These preliminary results suggest that for moderate sea conditions, 
i.e., significant wave heights up to 1.7 meters, little, if any, bias should 
occur in the current speeds monitored at 5 meters below the wave buoy. 
Higher sea conditions may require some filtering (and caution) in estimating 
mean current. 

Further examination of the effects of wave motions on the ability to 
measure surface currents is required.  Spectral analysis of both the wave 
heave and current records should be made.  These records would indicate the 
threshold of the tether perturbations that would impart a frequency doubling 
of that of the surface waves. Also, the wave orbital motions interacting 
directly with the current meter could produce a variety of complex effects, 
many of vAiich may not tend to "average out." 

CONCLUSIONS 

Weapon tests and evaluations made at undersea ranges or in the open 
ocean normally require a measure, or at least an indication, of sea state or 
wave conditions.  It is widely recognized that higher energy wind and wave 
conditions have adverse effects upon the operation of both weapon systems 
and sonars; in fact, many systems or operations using them are so called 
"sea state limited." 

In spite of the importance of this critical parameter, sea state is not 
directly measured by any reliable sensors or techniques.  Furthermore, its 
very definition is not suitable to describe numerically the actual sea 
surface \*iich is, in fact, a complex assemblage of both seas and swell of 
varying amplitudes and directions of propagation.  Moreover, there is no 
standard measure or definition of lAiite capping or surface turbulence inten- 
sity, factors ;^ich appear even more critical to near-surface acoustic 
performance than the sea surface roughness. 

The development of the URI/ENDECO Type 956 directional wave-track buoy 
system represents a potential breakthrough in the difficult problem of 
surface wave measurement.  The attributes of the new system rest principally 
on:  (1) its ability to sense directivity of waves at a single point in the 
ocean, i.e., not requiring an elaborate cumbersome float array or series of 
individual sensors, (2) real-time transmission of the wave information, thus 
facilitating rapid data analysis with minicomputers, and (3) relative ease 
of deployment and recovery—not requiring a large vessel or heavy hoisting 
equipment. 
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The use  of both  the 956  and  1015  ENDECO  systems during  a NUSC-sponsored 
WEAP   experiment   south  of Block  Island,   RI  demonstrated both  systems' 
usefulness and reliability in remotely measuring   important  sea and  swell, 
and  surface current  parameters.     These data were  transmitted  several 
kilometers   to receiving  stations  and provided output   in both  real-time  and 
nonreal-time modes.     Similar use of  these systems  during  future weapon 
testing   and  evaluation should be  encouraged   for  the  following   reasons:      (1) 
wave  conditions of height  and direction and near-surface currents  will 
provide,   in real time,  quantitative  environmental data never before available 
to weapons   test operations;   (2)   since  these data can also be  conveniently 
recorded on magnetic disk,   the data  and related  statistics  can be used  in 
post-test analysis  to effectively assess how the  sea surface environment 
adversely affects  the performance of weapons.     Clearly,   such  systems would 
vastly   improve  the capability  for  in  situ  evaluations  of underwater weapons 
and sonars. 

Tests  of ENDECO  1015   system indicate  that   it   is  a useful  tool  for 
deployment  in oil  spill cleanup operations.     The system can be  readily 
assembled and checked out  in 15-20 minutes.     Deployment  can be performed  in 
small boats   since  the system utilizes   lightweight,   easy-to-handle ground 
tackle.     This  permits   flexibility  in geographic positioning  retrieval,   and 
redeployment  to maintain observations   in  the vicinity of  the  spill 
undergoing  gross horizontal advection.     On the basis  of the WEAP  experiment, 
the ENDECO 1015  system appears  quite suitable  for providing real-time wave 
and current  information critical  to oil  spill cleanup  operations. 
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APPENDIX A 

DETAILS   OF  WAVE  DATA PROCESSING 

DATA TRANSMISSI(»} 

The ENDEOO Type 956  directional wave-track buoy registered wave heave 
(free surface elevation)   on channel  1,   east-west  tilt on channel  2,   and north- 
south   tilt  on channel 3.     The ENDECX) Type  1015  wave-track/current meter buoy 
registered wave heave  on channel  1,   current  speed on channel  2,   and current 
direction (magnetic)  on channel 3. 

Prior  to buoy deployment  each FM transmitter was  progranmed  so  that  data 
were  transmitted   from the 956  system at   the beginning of  every  odd hour and 
from the 1015  buoy  every even hour.     Each  transmission was  continuous   for 
20 minutes.     Thus a 20-minute record was   available  from a particular buoy 
every 2 hours,   whereas  a  free  surface  (heave)  record was  obtained  each hour. 

Data were received and processed aboard  the USNS LYNCH and  at   the Block 
Island Field Station at Monhegan Bluffs  as   indicated  in figure 8. 

DATA  COLLECTION AND PROCESSING ABOARD  THE USNS LYNCH 

The received FM signals   for each of the  three channels   from each buoy 
were converted  to 8-bit digital values by  the ENDECO 956  receiver which 
provided  sampling  intervals   of  1.0   or 0.5   second.     The processing  sequence  is 
described  in  the  following  paragraphs. 

Recording  Data with  the Memodyne M-80 

The receiver generated a value   for each of the  three channels  once  every 
second or half  second during  the 20-minute  sampling   interval.     A Memodyne M-80 
microprocessor  transferred  the values,   formatted  in 8-bit words   from  the 
receiver  to  cassettes   for primary  storage.     On cassettes,   values  were  recorded 
serially  in  the order  they were received,   i.e.,   channels   1,2,3,1,2,3,   etc. 
Time and  frame marks   (for data alignment  into proper channels)   inserted  into 
the data  stream by the receiver were also  recorded.     Buffer  size within  the 
M-80  was  256 bytes;   data were quite densely packed by minimizing  the  number 
of  interblock  gaps.     While no data were being  sent  from the receiver,   the 
M-80  recorder  awaited  receiver  input. 

Backup of Data   from M-80   to Hewlett Packard   (HP)  Diskettes 

Data were  stored off-line on HP  diskettes via  the onboard,   9825A mini- 
computer.     (A diskette has  2.3   times   the byte  storage  of the HP  cassette.) 
Data recording was  suspended during   tape backup onto disk.     An HP   16-bit 
interface unit,   configured  to match the M-80  default mode at   110 baud  (bits 
per  second),   connected   the HP  with  the M-80,  via an adapter plug,   vfcich jump- 
ered pins  4  and 5  ("request  to send"  and  "clear  to  send")   on the M-80   side. 
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The  "binary-write" mode of the M-80  during  data  recording  precluded 
reception of  conmand  through   its   serial port;   all  input  was   interpreted  as 
binary data  to prevent disruption of recording by reception of a bit   sequence 
that  coincided with a  conmand  code.    A "system reset"  of the unit was 
performed on the unit  via  front panel controls   to  enable control of  the 
recorder by   the HP   computer.     Unfortunately,   the system reset also  purged  the 
256-byte  data buffer,   which may have contained up  to 255 bytes  of unrecorded 
data.     Because of  this  purge and because both  the 956  receiver and  the HP 
computer used the same RS-232 port on the rear panel of the M-80,   data 
collection was  precluded during disk backup. 

The program named M-80BEN   (and  later M80CEN)   transferred  the data block- 
by-block  from the M-80   to HP  disks without  interpretation.     Once  transferred 
to HP  disk,   the data  could be analyzed on the HP  system exclusively,   freeing 
the M-80  unit   for  collection of new data. 

Analysis  of Data  Stored on HP Disk 

The program PLOTR  produced  three  time  series  plots  describing  the  input 
of  the  three channels  for each 20-minute data  segment  on the HP  9872A  flatbed 
plotter.     Using  hour  marks   inserted   into  the data   stream by  the  956   receiver, 
the program searched an entire disk  for any requested 20-minute  segment  of 
data.     Proper titles  and  labels were chosen according  to the incremental hour 
marker  parity;   data  from different buoys  were  thereby differentiated.     PLOTR 
used "frame marks,"  consisting  of a  triplet  of zeros   that  replaced every 
128th  triplet  of data values,   to   sort  the data  into proper  channels;   errors 
introduced by accidental  loss  of data were  thus minimized. 

Setup of  the M-80  Recorder by  the HP System 

The M-80  was  progranmed through the  serial  interface.     Two HP  system 
programs   set up   the M-80  recorder  for data  collection: 

1) VIRGN;     (a)     Filled the entire  tape with  one  large   interblock  gap 
(erase),   (b)   rewound and  advanced  the   tape  to  the  load 
point,   (c)   put  the M-80   in "binary-write" mode. 

2) STRC2;     (a)     Advanced   tape to a point beyond  the  last previously 
written block of data, (b) placed the M-80 in "binary-write" 
mode. This program enabled reuse of a tape cassette without 
destruction of previously recorded data. 

Data Analysis 

Preliminary data  analysis  made at NUSC after  the WEAP   cruise  consisted of 
plotting and  estimating  correlation coefficients between wave  free-surface 
elevation and current  speed and direction.    Preparation was made  to enable 
transfer of  the entire data  set of  the Type 956  directional wave-track system 
from  the HP  diskettes   into  a VAX  11/780  computer   for  further   spectral 
analysis. 
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APPENDIX B 

SAMPLES OF TARBELL ESTIMATES OF WAVE STATISTICS 
FOR VARIOUS WAVE CONDITIONS 

(STATISTICS ARE BASED UPON WAVE HEIGHTS IN FEET) 

1- 19/MAY/83 

21":01 m 

U^'4  POINTS FEflD   IN. 

HEW.E 
NERri       STLU 
131.7       1.20 
N-S TIUT 
MEHN     STUU 
131.1       6.45 
E-U TILT 
MEHtH       STDU 
126.6       5.7y 

SPIKES    RRN mx    RHti MIN    FIN MAX    FIN hIN 
1 159. 64. 5.33 -3.26 

SPIKES     RHW NRK    RftU  MIN     FIN  MfiH    FIN MIN 
£1£ 2:5. 4G -15.51 

SPIKES RAW MAX RAN HIN FIN MAX FIN MIN 
1 246. 

1054 GOOD HATH POINTS IN EACH SERIES. 

24.39  -14.23 

SEGMENT LENGTH = 1024 

MINIMUM READING: -3.26 

REUISED MAX I MR/- MINI MA 
HEAUE 
MAXIMUM READING: 4.75 
N-S TILT 
MP>aMUM READING: £8.43     MINIMLIM READING:-15.51 
E-W  TILT 
MAXIMUM READING: 24.Sr9 MINIMUM READING:-14.23 

STATISTICS 
START:  5/19'^;e — 21: 1:14 

PERIOD OF MAX HEIGHT: 21.0 
SIGNIFICANT FtRIOD: 5.2 
SIGNIFICAfHT HEIGHT: 4.0 
HEIGHT UARIAhCE: 1.4 
FOOT-MEAN-SQ HEIGHT: £.9 

PROFILE OF MAXIMUM WAUE AT 1.06 SECOND INTERURLS 
1.1  £.4   .3   .8  1.9  3.4   1.3   .6  3.8  1.4 
1.6  2.4  1.0   .6   .3   .4   .3  -.5-1.3   .4 

HER WfiiJES: £12 
MAX PERIOD: £1.0 
MEAN PERIOD: 4.8 
MEAN HEIGHT: £.6 
MAX HEIGHT: 6.1 

£. 1 

FREQUENCY 
EANDNUMEER 

1 

4 
e; 

6 
7 

CENTER 
FREQUENCY 

. 033 

. 047 

.060 

.075 

.097 

.1£7 

.171 

.£•£5 

.£9£ 

.417 
EWIRONMENTAL DEUICES CnDRFiDRATION 

DIRECTIONAL WAUE EtIOY DATA PROCESS I rc 
UER-SION  1.4 -   1/S£ 

10 

CENTER ENERGY MEAN STANDARD 
PERIOD DENSITY DIRECTION DEUIflTION 
£6.6 12.28 6. 13.1 
£1.3 4.29 • 4. 13.2 
16. S 1.43 7. 8.7 
13.3 .28 4. 18.2 
10.3 1.07 £3. 19.9 
7.9 .85 285. 31.7 
5.8 2.54 £■£8. 16.5 
4.5 10.68 226. 13.8 
3.4 3.11 314. 24.0 
£.4 .90 350. 28.2 

1017 

IJHlTIt^G  FOR DATA. 
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1054 POIMTS REfiD   IN 

HEWE 

2- 19/MAY/83 
08^:01 •" 

MEm       STDU 
136.9      .ee 
N-S TILT 
MEfiN  STDU 

17.4      1.69 
E-W TILT 
MEm     STUU 

15.1      5.85 

•SPIKES RHW MAX RHU MIN FIN MAX FIN MIN 
1            153. 55. 3.15 -1.54 

SPIKES RfiU MflK RHN MIN FIN MFiX FIN MIN 
0            1£3. .     13. l.t.3 -1.53 

SPIKES RfiW MfiX RfiW MIN FIN V^m FIN MIN 
0            11£. £. 14.01 -4.t.£ 

105£ GOOD DHTFi POINTS  IN EACH SERIES.     SEGMENT LENGTH =   1024 

PEUISED Mfii<IMfi^ NINI MR 
HEflUE 
MFlXINUM REFlDING:     1.78    MINIMLIM READING:   -1.54 
N-S TILT 
MFfrllNUN READING:      1.63     MINIMUM READING:   -1.53 
E-W TILT 
MFlXItlLIM READING:   14.81     MINIMUM READING:   -4.6£ 

START: 
STATISTICS 

5/19''S£ — l:14 

NER WAUES: £"£4 FtRIOD OF MAX HEIGHT: 
MAX PERIOD: 1G.0 SIGNIFICANT PERIOD: 
MEAN PERIOD: 4.5 SIGNIFICANT HEIGHT: 
MEAN HEIGHT: 1.1 HEIGHT UARIANCE: 
MAX HEIGHT: £.9 RdOT-MEAN-SG HEIGHT: 

6.0 
5.5 
1.6 

. £ 
l.£ 

-1.0 
PROFILE OF MAXIMUM WAIE AT 1.00 SECOND INTERUALS 

.3  £.0   .3   ,3   .£  -.3   .4 

11 
06 
16 
06 1.06 

FREQUEtCY           CENTER CQHTER                 QCRGY 
EATIDNUMEER         FREGHENCY PERIOD              DOiSITY 

1                      .03:8 £6.6                       .£4 
£                      .047 £1.3 
3 .060 16.8 
4 .075 13.3 
5 .097 10.3 
6 .1£7 7.9 
7 .171 5.8 
8 .££5 4.5 
9 .£9£ 3.4 

10                      .417 £.4 
B^IROriMENTAL DEUICES  CORPORATION 

DIPErTlOHAL liAUE EUOY DATA PRCCESSING -   lyl7 
UER"SION  1.4 -   1^^£ 

llAITING FOP DATA. 

89 
45 
66 
76 
£4 

MEAN STANDARD 
DIRECTION DEUIATICM 

38. 12.7 
54. ££.1 
57. £8.9 
47. 41.4 
66. 15.7 
87. 34.0 
53. £6.£ 
63. 16.5 
81. 35.8 
70. £1.0 
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3- 20/MAY/83 

19^^:04'" 

73-5 P0:;4TS PEfiD  IN. 

'■'£PM       iTIiU 
131.3       1.71 
H-S TILT 
i-EHtr     STI'U 
121.1       4.9e 
E-W  TILT 
hEHM       JTI-U 

SPIKES Pfiw nfiK KHW niN 
1 

SPIKES 

SPIKES 

IcS. 

RHW  \'.P.'i 

pftu r:px 
1S7. 

FIN K:^< 

PfiW  rilN     FIN MPlX 

RRW  riIN     FIN  Kft=; 

FIN MIN 
-4.93 

FIN MIN 

FIN MIN 
-iF,-?-9 

7-?:i: GOOD DPTfl POINTS  IN ERCh SERIES.     SiEGMENT  LENGTH = 51 £ 

PEUISEIi IlHyiMH--MINIMft 

.HLIM REHDING:     5. SI 
.i-o TILT 
MFtaMUM REPDING:   It--49 
E-IJ TILT 
MH>aMUM REHliING:   £3.S9 

MINI Ml.'M etfiniNG: -3.96 

MINIilUM PEPDIHG:-14.79 

MINIMUM REHDIHG:-15.£9 

_ 

19061 
L 1 CH 1 

;iU/MAY   >> 
„   r     r    1     1   >^ 
" 1   1 

< 
K < 

STPRT: 

HEr    JfiUES: 
MP'     -■ERUJIi: 
ME.«i PERIOD: 
MERTH HEIGHT: 
MAX HEIGHT: 

STftTISTICS 
5/£©/Se     —     19:   4:40 

90 P-ERIOn OF  t'VHX HEIGHT: 
11.0 SIGNIFICPiNT F-ERIOB: 
5.7 SIGNIFICANT HEIGHT: 
3.8 HEIGHT URR:IPW::E: 
S.S ROOT-MEflN-S© HEIGHT: 

RUSTRAC RECORD 

8.0 
6.5 
5.9 
3.6 
4.2 

-.0 
P>^;.:-FILE OF mKItHJM UfllJE AT  1.00 SECOND  INTERLW-S 

1.1 1.; -1.2    -4.7    -5.6    -1.1 2.5 

FREGlLiErCV CENTER COiTER EhER-GY 
EPNDNUt-iEER FREGtJCiCY PEF:IOD rossiTY 

1 .0S« £6.3 5.76 
S .647 £1.3 4.29 
3 .560 16.8 .75 
4 .075 13.3 .64 
S .0^7 10.3 3.36 
6 .127 7.9 27.10 

■T .172 5.8 14.61 
8 . ^-£5 4.5 6.79 «!' .£91 3.4 1.93 

10 .416 2.4 .79 
Of'IFiJia-iENTAL ICUICES 1 :OFf-ORATiai 

I'IFECTICr-'AL UAUE lUW IiATft PRCCE£S:It^ - -   1017 
'..ER-S ION 1.4 1^-2 

tIEfiN STANK^ID 
DIR-ECTION DEgiflTICN 

352. 7.1 
56. 40.8 

335. 26.2 
213. £5.9 
295. 23.8 
185. 19.8 
194. 13.7 
2S8. 15.5 
308. 31.7 
113. 24.1 

B-3 



4- 23/MAY/82 

1054 FOimS READ  IN. 

HEWE 
MEflM  STLU 
131.8  1.67 
N-S TILT 
MEFIH  STIiU 
117.3  5.97 
E-W TILT 
MEWJ  STLU 
113.8  7.05 

SPIKES 
1 

SPIKES 
0 

SPIKES 

Rfiw mx 
157. 

RAW MfiX 
166. 

RfiW MAX 
164. 

Rfil-J MIN FIM MAX 
56.    4.93 

FIM MIN 
-4.64 

RAU HIN 
47. 

FIN Max FIN MIN 
17. i; -£4.70 

RAW MIN FIN MAX FIN MIN 
16.   17.64  -34.39 

1054 GOOD DATA POINTS IN EACH SERIES.  SEGMENT LENGTH = 1024 

REUISED MAXIMA/MINIMA 
HEAUE 
MAXIMUM READING:  4.93 
N-S TILT 
MAXIMLfl READING:   17.13 
E-W TILT 
MAXIMUM R-EADING: 17.64 MINIMUM READING:-34.39 

MINIMLlM READIhIG: -4.64 

MINIMUM READING:-24. 70 

START: 

NBR WAUES: 193 
MAX PERIOD: 14.0 
MEAN PERIOD: 5.3 
MEAN HEIGHT: 3.S 
MAX HEIGHT: 8.6 

STATISTICS 
■^•S/ee — 17: l:l4 

PERIOD OF MAX HEIGHT: 
SIGNIFICANT FtRIOD: 
SIGNIFICANT HEIGHT: 
HEIGHT UARIANCE: 
FdOT-MEAN-SQ HEIGHT: 

6.0 
6.5 
5.8 
3.1 
4.2 

-4.0 
PROFILE OF MAXIMUM WAUE AT 1.00 SECOND INTERUALS 
2.5  4.6  2.4 -1.3 -1.9  1.7 

67141 
5- i; 1' 

> 
1 >' 

'« ̂  
■    1 im ■<^ 

-4 ^\ t r. 
7- 

'■ * 

> 

Jf 
^ 

•1' «r* 

8- cc S> 
] <f 
1 ^ 

1 3 
9- 

1 4 
1       1 

1-1716 f 
FREQUErCY CENTER CENTER ENERGY MEAN STANDARD 

EAND^^UMEER FREQLIENCY PERIOD DENSITY DIRECTION DEUIATION 
1 .038 26.6 12.19 186. £4 .-4 
2 .047 21.3 7.81 £11. 18.1 
3 .060 16.8 £.37 £25. 10.7 
4 .075 13.3 l.£8 217. 12.3 
5 .0-97 10.3 4.21 0. 17.0 
6 .127 7.9 12.11 142. 21.0 
7 .171 5.8 13.90 122. 15.5" 

.8 .££5 4.5 9.89 118. 13.0 
9 .292 3.4 4.87 63. 21.6 

10 .417 2.4 l.£4 307. 24.5 
EtWIFOnrCNTAL DEi.iICES i :OPPORATIi:>N 

DIRECTICf«L WA'.'E EaJOY DATA PRCCESSItflL ■ -   1017 - 
y.^P-1 ION  1.4 1/-: E-2 
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1054  PCiIMTS  REHD   IH. 

HEfiiJE 
MERtl       STIii," 
131.9       l.S-r 
H-S  riLT 
MEHM       STDU 
113.9       t..£-= 
E-W TILT 
MEHN       STUU 
1£1.7       7.IS 

SPIKES    RAW MflK 
1 165. 

RAW  MIM     FIN  MRK     FIM  MIH 
73. 6.47 -5.64 

SPIKES RAW  MRK RAN  MIM FIN NRK FIN  MIM 
1             190.                   0. £6.77 -£7.0£ 

SPIKES RAW  MAX RAW  MIN FIN  MAX FIN  MIN 
0            169.               ££. 16.63 -35.05 

5- 23/MAY/82 
■,gh.Qim 

1054  GOOD DflTfl POINTS   IN  EACH  SERIES.      SEGNErHT  LEt-IGTK  =   10£4 

REUISED MRKIMR^-MINIMfl 
HEAUE 
MAXIMUM READING:  6.47 MINIMUM READING: -5.64 
N-S TILT 
.MAXIMUM READING: £6.77 MINIMUM READING:-£7.0£        .  . 
E-W TILT    ■ 
MAXIMUM READING: 16.63 MINIMUM READING:-35.05  ' 

-.4 

START: 

NER WAUES: 
MAX PERIOD: 
MEAN PERIOD: 
MEAN HEIGHT: 
MAX HEIGHT: 

STATISTICS 
-■••£3^-SS — 19: 1:14 

170 PERIOD OF MAX HEIGHT: 
13.0 SIGNIFICANT PERIOD: 
6.0 SIGNIFICANT HEIGHT: 
4.6 HEIGHT UARIANCE: 
9.6 RuuT-MEAN-SQ HEIGHT: 

10.0 
7. 6 

PROFILE OF  MAXIMUM WAUE  AT   1.00 SECOND   IflTERUALS 
1.3 .3       1.5       £.0       1.9     -1.3     -4.9     -6.4 1.4 

FREQUENCY CENTER CENTER ENERGY MEAN      STAriDARD 
5ANDNUMEER FREQUENCY PERIOD DENSITY DIRECTION  ^ DEUIATION 

1 , 033 £6.6 36. £0 ■-..-, c 
C'l'--' £3.4 

£ .047 13.34 £34 c6. J 
3 . 060 16.3 3.71 £6£ 14. S 
4 . 075 13.3 .69 301 £9.9 
5 .0-37 10.3 3.79 101 £3.9 
6 .1£7 7.9 £4. £4 145 13.0 
7 .171 5.S 15.1£ 11£ 13.3 
8 . ££5 4.5 11.75 ■H:-; 19.2 
9 .£9£ 3.4 4.94 51 £4.0 
10 .417 £.4 1. £3 3£6 £4.9 

ENUIRONMENTAL DEUICES CORPORATION 
DIRECTIONAL WAUE BUOY DATA PROCESSING 

^ UERSION 1.4   - 1-S£ 

WAITING FOR DATA. 

- 10i: 
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6- 24/MAY/82 

15^:01"^ 

1654  POINTS  REHD   IN. 

HEHlE 
MEAN       STDU SPIKES RFiU  NftX RflW   HIN PIN   MAX PIN   NIN 
ISr.b       1.1£ 9 152.             116. 3.9S -3.05 
N-S TILT 
MEHN       STDU SPIKES RHW MAX RFiW  MIN PIN  MAX PIN  NIN 
l£l.y       3.95 0 157.               73. 1£.A5 -16.S9 
E-W TILT 
MEAN       STDU SPIKES RAN  t'lAX RAW  MIN PIN  MAX PIN  HIN 
1££.7       4.3£ .  £ 153.               £6. 1£.40 -13.54 

1054 GOOD DATA POINTS IN EACH SERIES.  SEGMENT LENGTH = 10£4 

REUISED MAXIMA--MINIMA 
HEAiJE 
MAXIMUM READING:  3.93 MINIMUM READING: -3.05 
N-S TILT 
MAXIMUM READING: 11.94  MINIMUM READING:-16.S9 
E-U TILT 
AXIMUM READING: 1£.40 MINIMUM READING:-13.54 

TATISTICS 
START: 5.-£4. -■S£ —  15: 1:14 

HER KRiJES: 171 PERIOD OP MAX HEIGHT: 9.0 
MAX PERIOD: 1£.0 SIGNIPICANT PERIOD: 7.5 
MEAN PERIOD: 5. 9 SIGNIPICANT HEIGHT: 4.3 
MEAN HEIGHT: ir!. 7 HEIGHT UARIANCE: 1.7 
MAX HEIGHT: 6. 0 ROOT-MEHN-SQ HEIGHT: 3.0 

-£.4 
PROPILE  OP  MAXIMUM I'JflUE AT   1.00  SECOND   INTERUALS 

1.9       £.9       1.7       -.£    -1.9     -3.0     -3.£       -.3 1.1 

PPEOUENCY CENTER 
EAr-IDrHUMEER PREQUENi 

1 . 03S^ 
£ .047 
3 . 060 
4 . 075 
5 . 097 
6 .1£7 

L:ENTER ENER 
PERIOD DENSI 
£6.6 .7 
C1 . O .  ■' 
16.S .5 
13.3 .£ 
10.3 

UY 
TV 

14 
4 
1 
1 . i; 

7 .171 5.9 
8 .££5 4.5 
9 .£9£ 3.4 

10                       .417 £.4 .6 
Erf JI R:Of IMEt -ITAL DEUICES  CORPOR AT I ON 

DIRECTIOriAL UA'C  I:UOV  DATA F'ROCESSir« -   1017 
UERSION 1.4 -   !.>:£ 

MEAN STRNDHRD 
DIRECTIOt- DEUIATI an 

■_■■_'•_' ■ 11.0 
3£9. 44.4 
349. 19.4 
•-.c.-. .-. •■% OJO . •r .o 
18. £7.1 

146. 19.4 
11£. 11.2 
116. 13.6 
.-.crp £1.7 
£96! £3.6 

liHlTING POR  DATA 
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7- 25/MAY/82 

03'^"01'^ 

1054 POINTS REHD   IN. 

HEHUE 
flEHN  STDU :EPIKES RfiU MAX RAW MIH FIN NRX FIN MIN 
,>;1.9  1.0£      1     is:-:.     73. 4.13 -£.71 
N-S TILT 
MEflN  :-TBU SPIKES RHU MAX RAW MIN FIN HAX FIN MIN 
1£'^.£  1.74      1     155.     114. 5.54 -5.36 
E-W TILT 
MEAM  STDU SPIKES RAW MAX RAW MIN FIN MAX FIN MIN 
1£5.9  £.1£      0    15S.     105. 10.57 -7.J6 

1054 GOOD DATA POINTS IN EACH. ;E:ERIES.  :E:EGMENT LENGTH = 10£4 

PEOISED MAX I MA.- M1111 t'lA 
HEAUE 
MAX I Ml IM READ ING: 3.15  MI \-> I MUM READ ING: -£.71 
N-S TILT 
MAXIMUM READING: 5.54 MINIMUM READING: -5.36 
E-U TILT 
MAXIMUM READING: 5.b5 MINIMUM READING: -7.36 
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